Patients with transthyretin cardiac amyloidosis (TTR CA) suffer from impaired exercise capacity, have a poor quality of life (QoL), and approved treatments are lacking. Stimulators of the soluble guanylate cyclase are promising new pharmaceuticals in the treatment armamentarium of heart failure patients. The aim of the present study was to report on the safety and efficacy of riociguat administration in patients with TTR CA. TTR CA patients received riociguat for 4-6 months within the frames of a national named patient use (NPU) program. Parameters of interest included changes in submaximal exercise capacity, invasive hemodynamic parameters, and QoL. Between March 2012 and June 2017, 86 CA patients were screened for the NPU program, of whom 13 TTR CA patients were eligible for participation. In our study cohort, riociguat had an acceptable tolerability profile. 
Introduction
Transthyretin (TTR) cardiac amyloidosis (CA) is caused by accumulation of misfolded TTR proteins within the extracellular space of the myocardium. Misfolding of the TTR protein may be caused by point mutations in the respective gene. The most prevalent form, however, is age-associated without a distinct genetic background. 1 Irrespective of its etiology, myocardial deposition of misfolded TTR proteins eventually translates into the clinical picture of chronic heart failure (HF), a condition with a deep negative impact on quality of life (QoL) and survival. [2] [3] [4] [5] Though considered a rare disease, recent studies indicate that TTR CA affects a clinically relevant percentage of the HF population, as TTR amyloid deposits could be found in 20% of patients with HF and preserved ejection fraction (HFpEF), 6 in 6% of patients with severe aortic stenosis, 7 and in 5% of patients with hypertrophic cardiomyopathy of unknown origin. 8 Currently, only one approved disease-modifying compound exists for TTR amyloidosis patients. However, this compound has only been approved for the treatment of mutant TTR polyneuropathy and clinical studies testing its efficacy in CA are currently underway (clinicaltrials.gov identifier NCT01994889). 9 Therefore, therapeutic options are limited and often solely rely on diuretic agents. Standard HF therapies, such as beta-blockers or angiotensin converting enzyme (ACE) inhibitors, often lead to hemodynamic deterioration in these patients. 3, 10 Riociguat, a stimulator of the soluble guanylate cyclase (sGC), belongs to a relatively new class of drugs with pulmonary vasodilator and anti-fibrotic properties and is approved for the treatment of pulmonary hypertension (PH). 11 Trials in chronic HF showed that riociguat administration is safe and leads to clinical as well as hemodynamic improvements. 3, 12, 13 Following the hypothesis that riociguat may have beneficial effects on disease-specific hemodynamic characteristics and symptoms, we initiated a named patient use (NPU) program, where patients were evaluated at baseline as well as after 4-6 months of treatment. Here, we report on a single-center experience of riociguat administration in patients with TTR CA.
Methods

Setting and study design
The present study was conducted at the Division of Cardiology at the Medical University of Vienna, Austria, a tertiary care center with a dedicated CA outpatient clinic and a high-volume cardiac catheterization laboratory. All data were collected within the frames of a prospective HF registry, which was approved by the local ethics committee (EK no. 796/2010) and complies with the principles outlined in the Declaration of Helsinki. Written informed consent was obtained from all patients.
Diagnosis of transthyretin cardiac amyloidosis
TTR CA was diagnosed either by histological assessment of endomyocardial biopsy samples with Congo red staining and subsequent immunohistochemical typing with AmYkit amyloid antibodies (Martinsried, Germany) or non-invasively in accordance with the algorithm proposed by Gillmore et al. 14 After confirmation of TTR CA, patients underwent genetic testing of the TTR gene.
Named patient use program
In order to participate in the NPU, the following inclusion criteria had to be met: definite diagnosis of TTR CA; New York Heart Association (NYHA) functional class (FC) ! II; stable HF symptoms for ! 1 month; baseline right heart catheterization (RHC); consent to the off-label treatment with riociguat; and ability to understand and follow instructions to complete all study procedures. Exclusion criteria were: other forms of CA (e.g. light-chain CA); NYHA FC I; estimated glomerular filtration rate < 30 mL/min/1.73 m 2 ; symptomatic hypotension; systolic blood pressure (SBP) <100 mmHg at baseline; inability to perform 6-min walk tests (6MWT); and hepatic dysfunction (Child Pugh stage B or C).
Patients were provided with riociguat by Bayer Austria, Ges.m.b.H. (Vienna, Austria) from 2014 to 2015 and by Merck Sharp & Dohme Austria, Ges.m.b.H. (Vienna, Austria) from 2016 to 2017, for 4-6 months. After this initial treatment period, three public health insurance companies (insurance institution for railways and mining, regional medical insurances for Vienna and for Lower Austria) agreed to cover the costs for riociguat, if the following criteria were fulfilled: hemodynamic improvement defined as a decrease of pulmonary arterial pressures (PAP) and/or increase in cardiac output (CO) as assessed by RHC accompanied by clinical improvement defined as an improvement in 6-min walk distance (6MWD) and/or NYHA class.
Treatment regimen
Study participants received riociguat in addition to standard care. Riociguat was administered orally, in dosages that were individually adjusted according to a predefined dosing regimen (Fig. 1) . The starting dose was 0.5 mg three times daily (t.i.d.). The dose was adjusted according to the patients' SBP and symptoms of hypotension at safety visits. If SBP was !110 mmHg, the dose could be up-titrated to 2.5 mg t.i.d. in 0.5 mg steps every two weeks. If SBP was 100-109 mmHg without symptoms of hypotension, the dose was maintained. The dose was reduced if SBP was <100 mmHg. Riociguat was stopped if SBP was <100 mmHg accompanied by clinical symptoms of hypotension (e.g. dizziness or presyncope) or in case of riociguatrelated adverse events (AEs).
Hemodynamic and clinical outcome measures
For RHC, a 7-F Swan-Ganz catheter (Baxter, Irvine, CA, USA) inserted via jugular or femoral access was used. Filling pressures were recorded using CathCorLX (Siemens AG, Berlin and Munich, Germany). Directly measured hemodynamic read-outs included CO, cardiac index (CI), stroke volume (SV), systolic/diastolic/mean pulmonary arterial pressure (mPAP), pulmonary artery wedge pressure (PAWP), right atrial pressure as well as arterial oxygen saturation and mixed venous oxygen saturation. Pulmonary vascular resistance (PVR), pulmonary pulse pressure, and the diastolic pressure gradient (DPG) were calculated according to standard formulae. 15 Clinical read-outs were 6MWD, NYHA class, N-terminal prohormone of brain natriuretic peptide (NTproBNP), EuroQoL visual analogue scale (EQ-VAS), and EuroQoL 5-dimensions three-level (EQ-5D-3 L) questionnaire. 6MWTs were performed according to a standardized protocol published by the American Thoracic Society. 16 Borg dyspnea score was used to grade the level of dyspnea after 6MWT completion.
Safety measures
Safety measures were assessed at every outpatient visit and included AEs, physical examination, vital signs, electrocardiogram, and routine clinical laboratory parameters, including NT-proBNP and serum creatinine. AEs were reviewed monthly by an internal data monitoring committee consisting of DB and JM, which could terminate the study at any given point of time.
Statistical analysis
IBM SPSS version 21 (SPSS Inc.; Chicago, IL, USA) was used for statistical analysis. Continuous variables are expressed as median and interquartile ranges (IQR). Categorical variables are presented as n (%). Baseline and follow-up variables were compared using the Wilcoxon signed-rank test and McNemar's test as appropriate. Patients who did not tolerate riociguat administration were excluded from final statistical analysis. Statistical significance was defined as P values from two-sided tests of <0.05.
Results
Patient population
Between March 2012 and June 2017, 86 patients were diagnosed with CA. Of them, 73 patients could not be offered a place in the NPU program because of a diagnosis of AL CA (n ¼ 50), lack of baseline RHC (n ¼ 11), NYHA FC I (n ¼ 5), unwillingness to undergo follow-up RHC (n ¼ 3), SBP < 100 mmHg (n ¼ 2), and immobility (n ¼ 1). One patient died before baseline evaluation. Of the 13 NPU program participants, 11 had been diagnosed with wild-type TTR CA and two had mutations in the TTR gene (His108Arg). Study patient flow is depicted in Fig. 2 .
Baseline characteristics
Patient baseline characteristics are presented in Table 1 . The median age of the study population was 75.0 years (IQR ¼ 69.0-83.0) and 11 (84.6%) were men. The majority of patients were in NYHA FC ! III (n ¼ 7, 53.9%) and NTproBNP values were markedly elevated with a median level of 2923 pg/mL (IQR ¼ 1722-6878). Median 6MWD was 396 m (IQR ¼ 340-518). With regards to concomitant HF medication at baseline, seven patients (53.9%) were on beta-blockers, one patient (7.7%) had an ACE inhibitor, four (30.8%) had an angiotensin receptor blocker, nine (69.2%) had a loop diuretic, two (15.4%) had a thiazide diuretic, and six (46.2%) had a mineralocorticoid receptor blocker. Baseline invasive hemodynamic assessment revealed elevated cardiac filling pressures, with a mPAP of 33.0 mmHg (IQR ¼ 29.0-37.0) and a median PAWP of 21.0 mmHg (IQR ¼ 19.0-27.5). CO at baseline was 4.3 L/min (IQR ¼ 3.9-5.1).
EQ-VAS and EQ-5D-3 L questionnaires were completed by 12/13 NPU program participants. At baseline, median self-rated health status as assessed with the EQ-VAS was 50.0% (IQR ¼ 40.0-58.0). With regards to EQ-5D-3 L parameters, a vast majority of our patients had difficulties with mobility (n ¼ 7, 58.3%), usual activities (n ¼ 9, 75.0%), and complained of pain or discomfort (n ¼ 9, 75.0%). Approximately one-third had problems with self-care (n ¼ 5, 41.7%) and half of our study cohort (n ¼ 6, 50.0%) reported anxiety or depression.
Effects of riociguat administration
From a clinical perspective, there was a rather small but statistically significant increase in 6MWD from 396 m (IQR ¼ 340-518) at baseline to 400 m (IQR ¼ 350-570) at follow-up (P ¼ 0.045; Tables 1 and 2 , Fig. 3a ). This was accompanied by significant improvements in NYHA FC (baseline: NYHA FC ! III: n ¼ 7 (53.9%), follow-up: n ¼ 0 (0.0%), P ¼ 0.031; Tables 1 and 2 , Fig. 3b ), whereas Tables 1 and 2) .
By the time of follow-up, CO had slightly improved from 4.3 L/min (IQR ¼ 3.9-5.1) to 4.5 L/min (IQR ¼ 4.2-5.1, P ¼ 0.022; Table 1 ). Table 2 (Table 1) . Self-reported health status on EQ-VAS slightly improved from 50.0% (IQR ¼ 40.0-58.0) at baseline to 60.0% (IQR ¼ 50.0-75.0) at follow-up (P ¼ 0.021; Fig. 3d ). However, no changes with regards to the EQ-5D-3 L questionnaire were detected (mobility: P ¼ 0.625, self-care: P ¼ 0.250, usual activities: P ¼ 0.125, pain/discomfort: P ¼ 0.500, anxiety/depression: P ¼ 1.000).
Change of clinical and hemodynamic parameters from baseline to follow-up, excluding patient drop-outs, is provided in Supplemental Table 1 .
Dosing and duration of riociguat administration
At the time of follow-up, five (45.5%) patients were on 2.0 mg riociguat t.i.d., four (36.4%) patients were on 1.5 mg riociguat t.i.d., one patient (9.1%) was on 1.0 mg riociguat t.i.d., and one (9.1%) patient was on 0. 
Change of concomitant medication
Compared to baseline, five (45.5%) patients had changes to their HF medication and diuretic regimen, two (18.2%) had changes to their HF medication alone, and two (18.2%) had changes to their diuretic scheme only. In detail, the percentage of patients who were on beta-blockers, ACE inhibitors, angiotensin receptor blockers, and thiazide diuretics was A total of 86 patients with a diagnosis of cardiac amyloidosis were screened for the NPU program; 73 patients were not eligible to participate. Exclusion criteria were a diagnosis of AL CA (n ¼ 50), lack of baseline RHC (n ¼ 11), NYHA FC I (n ¼ 5), unwillingness to undergo follow-up RHC (n ¼ 3), SBP < 100 mmHg (n ¼ 2), immobility (n ¼ 1), and one patient died before baseline evaluation. Thirteen patients were enrolled initially and two patients prematurely discontinued the NPU. Thus, 11 patients completed all study procedures. NPU, named patient use; RHC, right heart catheterization; NYHA, New York Heart Association; SBP, systolic blood pressure. Cardiac output is given in L/min, 6MWD in meters, and NT-proBNP in pg/mL. *Value at baseline. yValue at follow-up. zPremature discontinuation of riociguat NPU program. CO, cardiac output; 6MWD, 6-min walk distance; NYHA, New York Heart Association; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; NA, not applicable; NPU, named patient use.
reduced from 53.8%, 7.7%, 30.8%, and 15.4% to 27.3%, 0.0%, 0.0%, and 0.0%, whereas usage of loop diuretics and mineralocorticoid receptor antagonists increased slightly from 69.2% and 46.2% to 72.7% and 63.6%, respectively (Table 1) . Detailed dose changes are shown in Supplemental Table 3 .
Safety and tolerability
Of the 13 patients who started the NPU program, 11 completed all study procedures. Two patients experienced AEs (symptomatic hypotension and leg edema in one patient, diarrhea and nausea in the other patient), which led to premature NPU termination. All AEs resolved within one week after riociguat intake had been stopped. In the remaining 11 patients, riociguat treatment was well tolerated. AEs during the study period are listed in Supplemental Table 2 .
Discussion
In the present case series, we could detect marginal but statistically significant improvements in CO, CI, DPG, NYHA FC, 6MWD, and QoL.
Soluble guanylate cyclase stimulators in heart failure
Riociguat belongs to a relatively new class of drugs, namely stimulators of the sGC, and is approved for the treatment of pre-capillary forms of PH. Riociguat acts as a pulmonary and systemic vasodilator and has a dual mode of action. It sensitizes the sGC to endogenous nitric oxide (NO) via stabilizing NO-sGC binding and also directly stimulates the sGC independently of NO. 17 In two previously published studies (LEPHT, DILATE-1), riociguat led to significant hemodynamic improvements and was well tolerated in HF patients. LEPHT, a phase IIb study, investigated the hemodynamic effects of riociguat in patients with HF and reduced ejection fraction (HFrEF) over a 16-week period. CI and SV increased. PVR could be reduced and QoL improved significantly. 13 DILATE-1 was a proof-of-concept study that assessed the acute hemodynamic effects of single doses of riociguat in HFpEF. 12 SV and CI improved after riociguat administration. Vericiguat, another stimulator of the sGC, was recently investigated in two phase IIb dose-finding studies, which included 477 HFpEF (SOCRATES-PRESERVED) and 456 HFrEF patients (SOCRATES-REDUCED). 18, 19 Over a 12-week treatment period, four different dose levels were compared against placebo. Vericiguat was well tolerated; however, both trials failed to meet the primary endpoint, change in NT-proBNP. A further study with vericiguat in HF is currently underway (clinicaltrials.gov identifier NCT02861534), as QoL had improved significantly in the HFpEF cohort and a significant NT-proBNP reduction in highest dose arms had been observed in the HFrEF cohort. Given the fact that we could detect improvements in hemodynamic and clinical parameters, our results are in line with previously published studies investigating sGC stimulators in HF patients.
Management of transthyretin cardiac amyloidosis
Due to the lack of approved disease-modifying drugs, treatment and management of patients with TTR CA is challenging. To date, the mainstay of treatment is the use of diuretics in order to relieve symptoms of HF. 1, 20 Standard HF therapies such as beta-blockers or ACE inhibitors can lead to hemodynamic deterioration and should therefore be avoided. 1, 21, 22 In contrast to standard HF drugs, our results indicate that riociguat treatment was associated with minor hemodynamic and clinical improvements. Thus, riociguat may have the potential to provide a valuable therapeutic option in patients with TTR CA.
Exercise capacity in cardiac transthyretin amyloidosis
In a recent study, which investigated the natural course of TTR CA, Gillmore et al. found that 6MWD decreased rapidly in their patient population. 23 Within six months, patients walked 36 m less. After 12 and 18 months, the decrease was 106 m and 140 m, respectively. A further study could also demonstrate a significant decline in 6MWD every six months (-26 m) in TTR CA patients. 2 Contrary to these observations, 6MWD slightly increased in our study cohort over a median time period of 15.0 weeks.
In parallel with a decrease in 6MWD, NYHA FC has been shown to increase over time in TTR CA. 23 In our case series, NHYA FC had improved over the observation period. Despite the lack of a placebo group, our findings suggest a possible beneficial effect of riociguat on exercise capacity.
While NYHA FC and 6MWD are important and wellestablished predictors of outcome in HF, the body of evidence concerning the prognostic significance in TTR CA is still limited, especially with regards to 6MWD. [24] [25] [26] [27] Therefore, it remains speculative, whether improvements in these rather simple measures of exercise capacity can translate into improved patient outcomes.
Safety and tolerability of riociguat in transthyretin cardiac amyloidosis
In our study cohort of TTR CA patients, riociguat had an acceptable safety profile. Nevertheless, two patients stopped the NPU program due to AEs likely related to riociguat (symptomatic hypotension and leg edema in one patient, diarrhea and nausea in the other patient). 28 Both patients fully recovered within one week after riociguat discontinuation. Interestingly, despite the vasodilatatory effects of riociguat and the fact that CA patients are prone to develop hypotension, 20 only one patient discontinued the NPU program due to symptomatic hypotension. Discontinuation rates observed in our cohort were higher when compared to drop-out rates in riociguat trials with HF or PH (15.4% vs. 3.0%, 2.9%, and 3.0%). 13, 29, 30 However, when compared to drop-out rates in the ATTR-ACT Study, which tested a disease-modifying drug (Tafamidis) in TTR CA patients, discontinuation rates were lower (15.4% vs. 21.2%). 31 Of the remaining 11 patients who finished the NPU program, seven had no AEs and four patients had 1-5 AEs each (Supplemental Table 1 ). AEs during the study period, such as cardiac decompensations or arrhythmias, were most probably reflective of the underlying condition rather than a result of riociguat administration. This is also supported by Ruberg et al., who investigated the natural disease progression in patients with wild-type as well as mutant TTR CA and frequently observed similar clinical conditions. 2 
Study limitations
The present study has several limitations. The study was conducted in a single center. Thus, a center-specific bias cannot be excluded. Nevertheless, limiting data to collection to one center has the advantages of constant clinical routine, constant quality of work-up, and constant follow-up. Furthermore, our sample size was small and a placebo-control group was lacking. Therefore, a major limitation of our study is that we cannot exclude that the observed hemodynamic and clinical changes were due to a placebo effect or due to changes in concomitant medications. Nevertheless, the detection of hemodynamic and clinical improvements after a median treatment period of 15.0 weeks argues against a placebo effect, as studies in PH indicate that placeborelated effects last for 4-8 weeks. 30, 32 Another limitation is that due to organizational reasons not all patients could perform the same study schedule leading to different durations of the follow-up period.
Despite these major limitations, results from our case series of TTR CA patients who were treated with riociguat are promising and could potentially lay the groundwork for studies of a stronger design.
Conclusion
In the present case series of 13 TTR CA patients, we found that riociguat had an acceptable tolerability profile and its administration led to small, but statistically significant hemodynamic as well as clinical improvements. Due to limitations in design, results of the present study can only be seen as hypothesis-generating. Nevertheless, given the positive signals and the urgent need for therapies in this patient population, further trials of stronger design are warranted to explore the therapeutic potential of riociguat in TTR CA.
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